Abstract Late-acting self-incompatibility (LSI) has been defined as a genetically controlled self-sterility mechanism that prevents seed set by selfing, despite normal pollen tube growth and ovule penetration in self-pollinated pistils. In species of the Bignoniaceae with LSI, such as Handroanthus impetiginosus, the selfed pistils are characterized by a marked delay in ovule penetration, fertilization, and endosperm initiation, followed by uniform pistil abscission. This highlights the contentious possibility of a post-zygotic self-incompatibility system. However, previous studies were unable to confirm fusion of the sperm and egg cell nuclei in selfed ovules. In the present study, the cytology of the embryo sac, double fertilization, and pistil longevity was investigated in H. impetiginosus using comparative nuclei microspectrofluorometry of DAPI-stained sections of self-vs. unpollinated pistils. Differences in both pistil longevity and ovary size between self-and unpollinated flowers at the time of pistil abscission were significant. Zygotes with double the DNA content in their nuclei relative to unfertilized egg cell nuclei were verified in selfed ovules from the first day after pollination onward, and G1 karyogamy appeared to have occurred. Our cytological analysis clearly indicates that ovules of self-pollinated pistils in H. impetiginosus are fertilized before pistil abscission but no embryogenesis initiation occurs, which strongly supports the idea of a post-zygotic self-incompatibility mechanism.
Introduction
Late-acting self-incompatibility (LSI) has been proposed to be a genetically controlled self-sterility mechanism that prevents the formation of seeds by self-pollination in fertile co-sexual flowering plants, despite normal phenotypic expression of pollen germination and pollen tube development in selfed pistils. This kind of incompatibility reaction differs from conventional sporophytic and gametophytic self-incompatibility (SI) systems, which characteristically present some kind of self-male gametophyte rejection at the stigmatic or stylar levels. LSI is a variable though yet poorly understood SI system that is commonly found in confamilial or congeneric species of some herbaceous and woody angiosperms, especially in the tropics (Gibbs 2014) . LSI includes the following alternative situations: (1) Self-pollen tubes may grow into the ovary but do not penetrate the ovules; (2) self-pollen tubes may penetrate ovules but stop within the micropyle or nucellus; (3) ovules may be penetrated, but syngamy fails to occur following discharge of the male gametes into the embryo sac; and (4) self-fertilization may occur, but embryogenesis does not follow (see review in Seavey and Bawa 1986) .
However, self-sterility is likely to have diverse causes, and early-acting inbreeding depression (EID) due to the expression of deleterious recessive alleles may also result in normal pollen tube growth, effective ovule penetration/ fertilization, and null or almost null seed set by selfing (Burbidge and James 1991; Sage et al. 1994; Valtueña et al. 2010 ). In long-lived trees, it is difficult if not impossible to achieve a rigorous demonstration of a genetic system that controls SI due to difficulties with establishing sibling progeny arrays and raising them to flowering so that diallel crosses can be made (Gibbs 2014) . Although self-fertilization without embryogenesis (the abovementioned situation 4) may imply some kind of ''post-zygotic'' SI mechanism of pistil rejection, conventional SI mechanisms are all pre-zygotic in action, and embryo/early seed failure has been traditionally explained by EID (Wiens et al. 1987 , Klekowski 1988 .
Several cases of LSI have been reported in the family Bignoniaceae (Bittencourt et al. 2003 (Bittencourt et al. , 2011 Bittencourt and Semir 2004 Gandolphi and Bittencourt 2010; Gibbs and Bianchi 1999) , a predominantly neotropical family with important species in Central and South American forests (Olmstead et al. 2009 ). Around 84% of the 62 Bignoniaceae species investigated for breeding systems are self-sterile (e.g., Bittencourt et al. 2011; Sampaio et al. 2016) . Among these, the post-pollination events have been studied for 37 species, all of which show self-pollen tube growth to the ovary and penetration of most ovules. Double fertilization presumably occurs because penetrated ovules show a resting zygote (or an initiating proembryonal tube) and the early phases of endosperm development at successive time points after self-pollination (Bittencourt et al. 2003 (Bittencourt et al. , 2011 Bittencourt and Semir 2005; Gandolphi and Bittencourt 2010) . However, selfed pistils/young fruits uniformly abort a few days after pollination, and only crossed fruits reach maturity. In these studies, indirect evidence of self-fertilization has been achieved through observations on the egg apparatus features/pattern of staining after the embryo sac penetration by the pollen tube.
At least in some cases, post-pollination development of ovules is evinced by extended longevity of, but only moderate increase in ovary size in selfed pistils relative to unpollinated pistils, and a slower rate of endosperm development in their ovules compared to cross-pollinated pistils, but with no sign of endosperm or early proembryonal tube malformation (Bittencourt et al. 2011; Gandolphi and Bittencourt 2010) . This sequence of events strongly supports the idea of post-zygotic LSI in self-sterile species of Bignoniaceae.
As in other angiosperms, fusion of male and female gametes is very difficult to observe employing conventional microscopy observations of ovule sections in Bignoniaceae. This difficulty results from methodological limitations-the megagametophyte is usually embedded in several layers of nucellar/integumentary cells of the ovule, which hinders observation of the fertilization-related events in histological sections or even in cleared whole ovules. Conversion of the egg cell into a zygote has been inferred from the presence of a cytoplasmic loop of a deeply stained degenerative synergid between the egg cell and the central cell after pollen tube content has been discharged into the embryo sac (Bittencourt et al. 2003; Bittencourt and Semir 2005) . Moreover, there is further evidence for a putatively fertilized egg cell in the reconstitution of the cell wall around the chalazal pole of the egg cell, since the egg apparatus cells lose part of their walls during the late stages of embryo sac maturation (Bittencourt and Semir 2005; Bittencourt and Moraes 2010) . The dissolution of the common walls between an egg cell, synergids, and a central cell during the maturation of the embryo sac seems to be a normal phenomenon in angiosperms because it facilitates the transference of sperm cells from the degenerative penetrated synergid to the egg and central cells, and the zygote wall is re-synthesized after gamete fusion (Natesh and Rau 1984; Willemse and van Went 1984; van Went and Willemse 1984) . However, in the Bignoniaceae, reconstitution of the cell wall at the chalazal pole of the egg cell has also occasionally been observed in unfertilized megagametophytes of unpollinated pistils collected at the end of anthesis (personal observations). Furthermore, since pseudogamic development of the endosperm in Bignoniaceae is possible (Bittencourt and Semir 2005; Bittencourt and Moraes 2010; Sampaio et al. 2013) , and embryogenesis may conceivably occur parthenogenetically (Batygina and Vinogradova 2007) , these morphological features of post-penetration events cannot be taken as unequivocal evidence of syngamy and zygote formation in selfed ovules of self-sterile species. Establishing that syngamy occurs is pivotal for the concepts of ''post-zygotic'' SI and EID because conventional homomorphic SI is reputed to act before fertilization, and homozygosity is a prerequisite for recessive lethal gene expression in developing embryos (Sage et al. 1994) . However, no previous study has attempted to look at syngamy in a LSI species with observations of DNA content in egg cells/putative zygote cells.
For successful fertilization, the cell cycles of the sperm cell and egg cell need to be synchronized, and karyogamy in flowering plants may occur in the G 1 , S, or G 2 phases of the cell cycle-i.e., with 1C, intermediate, or 2C gamete complement of genomic DNA, respectively, depending on the taxon (Batygina and Vasilyeva 2001; Friedman 1999; Mogensen and Holm 1995; Tian et al. 2005) . Very few studies have focused on the type of karyogamy in seed plants (Carmichael and Friedman 1995; Friedman 1991; Mogensen and Holm 1995; Tian et al. 2005; Woodard 1956 ), and none have investigated bignoniaceous taxa. These studies measured DNA content in the sperm cell, egg cell, zygote, or other male and female gametophyte nuclei through microphotometric analysis of sections subjected to the Feulgen technique or, more recently, through microspectrofluorometric analysis of sections stained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI), a DNA-binding fluorochrome. This study uses the DAPI staining technique for DNA quantification of the embryo sac nuclei in self-pollinated pistils of Handroanthus impetiginosus with the aim of confirming gamete fusion and egg cell-zygote conversion. (Gentry 1992) . It is one of the main species of ''ipês'' used in Brazil for urban afforestation and is highly appreciated for its mass flowering during the dry season (Schlindwein et al. 2014) . At this time, its foliage falls and the branches can display thousands of showy tubular-campanulate magenta flowers. It is also an economically important tree for its hard and durable wood. A voucher was deposited in the São José do Rio Preto Herbarium (29217).
Materials and methods

Experimental pollinations
Previous studies examined the breeding system based on controlled experimental pollinations in H. impetiginosus and found self-sterility (Bittencourt and Semir 2005) . To confirm self-sterility in the study population, hand pollination was conducted on four trees. Whole inflorescences with flower buds were bagged with nylon netting, and on the subsequent days, flowers of first-day anthesis were selfpollinated (with pollen from the same flower or another flower of the same individual) or cross-pollinated (with pollen from another individual) and re-bagged. From each individual, 25 flowers were treated in each pollination type, and the resulting fruits were monitored until pistil abscission or fruit maturation.
Ovary growth and longevity
Additional hand self-pollinations were done on the same individuals to evaluate ovary expansion and longevity and for collection. Flowers of first-day anthesis from previously bagged inflorescences were self-pollinated (n = at least 3 flowers per individual), and other flowers of the same inflorescences were left unpollinated and used as control. The calyx of each flower was marked with different colors of plastic glue to indicate a particular treatment (i.e., selfed or unpollinated) and the day of anthesis initiation. After manipulation, the inflorescence was re-bagged, and pistils were monitored daily until abscission. The maximal length and width of abscised ovaries were measured with a digital caliper before wilting.
Histological analysis of ovules and microspectrofluorometry
Unpollinated pistils were collected from first-day and fourth-to fifth-day flowers (early and late anthesis, respectively), and selfed pistils were collected from the second, third, and fourth days of anthesis (1-3 days after pollination). Pistil wall was removed to expose ovules adhering to the septum and was fixed for 24 h in a 3:1 solution of 95% ethanol/acetic acid and stored in 70% ethanol. After complete dehydration in an ethanol series, the samples were embedded in Leica historesin (glycolmethacrylate) and sectioned in serial 6-lm-thick sections with glass knives in a Leica RM 2255 rotary microtome (Leica, Wetzlar, Germany).
The sections were mounted on glass slides and subjected to DAPI staining procedures following Williams and Friedman (2002) . The sections were stained with a solution of 0.25 ll/ml of DAPI in 0.05 M Tris (pH 7.2) for 1 h at room temperature in a light-free environment. Next, most part of the DAPI solution was removed from the slide, and a coverslip was applied over the sections and sealed with colorless nail polish. Microspectrofluorometric measurements of relative DNA levels of DAPI-stained nuclei were taken within 2 h in a Zeiss MSP 20 microspectrophotometer with digital microprocessor coupled to a Zeiss Axioskop microscope (Carl Zeiss, Jena, Germany) and equipped with epifluorescence (HBO100-W burner). An ultraviolet filter set (model number 48702) with an excitation filter (365 nm, bandpass 12 nm), dichroic mirror (FT395), and barrier filter (LP397) was used with a Zeiss Plan Neofluar 40X objective. The photometer was standardized by recording the fluorescence emitted from a fluorescence standard (GG 17) before each recording session, which was taken to represent 100 relative fluorescence units (RFU). At the completion of each session, an additional reading of the fluorescence standard was taken to confirm that little or no deviation had occurred during the period of data recording.
When the entire nucleus was not embedded in the same section, its relative DNA content was determined by summing the individual fluorescence values of each of the serial sections through that nucleus. A net photometric value for each section of a nucleus was obtained by Plant Reprod (2017) 30:69-79 71 recording an initial reading of the nucleus and subtracting a background value obtained from cytoplasm proximal to that nucleus. Thus, background fluorescence from the glycol-methacrylate was removed from the photometric analysis of relative DNA content. Digital micrographs were taken on the same Zeiss Axiophot microscope (Carl Zeiss, Jena, Germany) equipped with a Zeiss Axiocam digital camera.
To complement the structural analysis of the ovules, after all microspectrofluorometric measurements, the coverslip was removed from each slide, and the sections were stained with toluidine blue O (O'Brien et al. 1964 ) and sealed with Permount. Additional selfed pistils were collected on the fifth and sixth days after anthesis initiation (4-5 days after pollination), fixed, and sectioned as before and stained with toluidine blue. Analysis and photographic records of toluidine blue-stained sections were made with an Olympus BX51 microscope (Olympus Optical, Tokyo, Japan) equipped with an Olympus Q-Color 5 digital camera.
Statistical analysis
The homoscedasticity and normality of pistil longevity, ovary size, and fluorescence of zygote nuclei data were tested by the F-and Kolmogorov-Smirnov (Lilliefors adherence) tests. Because the longevity in both self-pollinated and unpollinated pistils did not have normal distributions, they were statistically compared using the MannWhitney test (Zar 1999) . The Student's t-test was used to compare the ovary sizes (length and width) of abscised unpollinated versus selfed pistils. In order to determine whether mean relative fluorescences of zygote nuclei at successive days after pollination were statistically greater than in a previous day, a series of t-tests was also performed with the data of zygote nuclei fluorescence measurements. Statistical analysis was done using BioEstat 2.0 software (Ayres et al. 2000) .
Results
Independently of the treatment, corolla abscission and fall (end of anthesis) always occurred between the third and the fifth days after the flower opening. Only hand cross-pollinated flowers set fruits, which required around three months to mature. Both the longevity and ovary size at abscission in self-pollinated pistils were greater than in unpollinated pistils (Fig. 1) .
Handroanthus impetiginosus has an anatropous ( Fig. 2i) , unitegmic, and tenuinucellate ovule with a Polygonum-type megagametophyte (Fig. 2a-g ), which is common for all Bignoniaceae. Most ovules in first-day unpollinated pistils displayed mature seven-celled eightnucleate embryo sacs, with two synergids and an egg cell composing a hooked egg apparatus at the micropylar end, a central cell with two polar nuclei, and three antipodals at the chalazal end (Fig. 2a, b) . However, the ovaries of these pistils also showed many ovules with immature coenocytic 2-8 nucleate embryo sacs or embryo sacs that were already cellularized but still showing an unexpanded egg apparatus, as reported elsewhere (Bittencourt and Semir 2005) .
Unfortunately, mitotic figures were never observed in these cenocytic phases of the embryo sac, so it was not possible to directly calibrate the relative fluorescence per C unit of DNA. However, the nuclei of a syncytial megagametophyte are haploid and vary in DNA content by a factor of two over the course of the cell cycle (1C during anaphase, telophase, and G 1 phase; between 1C and 2C during the S phase; and 2C during G 2 , prophase and metaphase). Moreover, after cellularization of the embryo sac, antipodals and synergids were never observed to undergo further mitosis or cell division. Thus, they are presumed to remain permanently in a G 1 phase of the cell cycle (i.e., showing 1C content of genomic DNA).
Despite the examination of hundreds of megagametophytes with fluorescence microscopy, only two 8-nucleate uncellularized embryo sacs were found (this phase seems to be very ephemeral), and measurements of their nuclei yielded 7.23 ± 0.82 RFU (mean ± standard deviation) per nucleus (n = 11; the other nuclei were not measurable). Likewise, measurements of nuclei of the embryo sac at the onset of the receptive phase (i.e., the synergids, egg cells, polar nuclei, and antipodals in mature ovules of first-day anthesis unpollinated pistils) yielded 7.01 ± 1.14 RFU (n = 32) (Fig. 3a) . At this stage, the nuclei of these megagametophytes are in the onset of the mature phase and have just emerged from the last mitotic round of the megagametogenesis, which means they should be in G 1 of the cell cycle and thus approximately equivalent to the amount of fluorescence associated with the 1C content of DNA.
As in other Bignoniaceae, the cell components of the egg apparatus in H. impetiginosus typically display elongate pear-shaped synergids and an egg cell. The synergids show the nucleus and most of the cytosol at the micropylar pole, with a large vacuole at the chalazal pole of the cell. The egg cell shows an inverted polarity relative to the synergids, with the nucleus and most of the cytosol at the chalazal pole and a large vacuole at the micropylar pole ( Fig. 2a-g ). Thus, the synergid and egg cell nuclei were easily distinguished in sectioned material due to their relative position in these cells.
Egg apparatus cells in the early mature embryo sac characteristically did not show a detectable cell wall at the chalazal end. Some ovules with the embryo sac bearing a secondary nucleus (the product of polar nuclei fusion) in the central cell were found in first-day anthesis ovaries of unpollinated pistils, and fluorescence measurement yielded approximately doubles the values observed in unfused polar nuclei and nuclei from other cells of the early mature megagametophyte (Fig. 4a) . Only secondary nucleusbearing embryo sacs were observed in ovaries at late anthesis (Fig. 4b) . These results indicate that polar nuclei fusion in H. impetiginosus may operate independently of fertilization or any stimulus of the male gametophyte. Measurements of antipodal nuclei in both unpollinated and self-pollinated pistils always gave lower RFU values (Figs. 4 and 5) , which may be related to degeneration associated with the ephemeral condition of these cells.
Several ovules showing a pollen tube into the micropyle were observed in sections of ovaries of the first day after self-pollination (second-day anthesis). After full penetration of a receptive ovule, the pollen tube discharged its dense and dark toluidine blue-staining contents into the degenerating synergid, which made distinguishing the contents of this cell difficult. Subsequently, a protoplasmic loop of the degenerating synergid was always observed between the chalazal end of the egg cell and the central cell (Fig. 2d, f) . In our previous studies, this was assumed to be related to the transference of the sperm cell nuclei from the degenerating synergid to the egg and central cell.
Sperm cells were rarely verified in penetrated gametophytes, and we were unable to make detailed observations of the events involving the discharge and movement of the male gametes into the embryo sac in neither toluidine bluestained nor DAPI-stained sections. However, fluorescence measurements from two sperm nuclei located inside the penetrated synergid and from one sperm nucleus inside the egg cell (next to its nucleus; Fig. 2h ) yielded 6.54, 6.71, and 7.58 RFU, respectively. Direct observations of the fusion of gamete nuclei were also only made on a few occasions ( Fig. 2g for triple fusion and Fig. 2h for syngamy). The first division of the primary endosperm (observed from the second day after pollination onward) was always transverse and followed the zygote formation, resulting in the characteristic chalazal and micropylar chambers of the 2-celled phase of the endosperm (Figs. 2i and 3a) which is characteristic of the Bignoniaceae. Regeneration of a pink-purple toluidine blue-staining wall was observed between the zygote and primary endosperm cell or between the zygote and the micropylar chamber of the 2-celled endosperm (Fig. 3a) . Fluorescence measurements of zygote nuclei on the first day post-pollination yielded 14.01 ± 1.16 RFU (n = 9; Fig. 5a ), which is nearly double the average values obtained for egg cell nuclei in ovules of unpollinated and self-pollinated pistils (Figs. 4 and 5) .
As in unpollinated pistils, unfertilized ovules of selfed pistils on the first and second days after pollination showed a pair of unfused polar nuclei or a single-secondary nucleus in the central cell, which approached 1C and 2C DNA content per nucleus, respectively (Fig. 5a, b) . However, on the third day after pollination (fourth-day anthesis), unpenetrated ovules in selfed pistils rarely showed unfused polar nuclei. On the other hand, fertilized ovules on the second and third days after pollination exhibited a primary endosperm nucleus (the product of polar nuclei/secondary nucleus and sperm cell nucleus fusion), with measurements yielding approximately three times more DNA [23.63 ± 2.57 RFU (mean ± standard deviation; second ? third days, n = 15); Fig. 5b , c] than polar nuclei or other haploid nuclei of the female gametophyte. This corresponds to the expected 3C units of DNA content (based on the basic haploid level observed). However, the two highest values (26.50 and 26.83 RFU) observed in primary endosperm cell nuclei are equivalent to a DNA complement level of 3.8. This is probably a consequence of the fact that some of these nuclei have progressed to the S phase that precedes mitosis since the first division of endospermogenesis appeared to occur quickly after triple fusion.
After the first cytokinesis of the endosperm development, both the micropylar and chalazal cells of the 2-celled endosperm divide longitudinally and simultaneously, giving four cells. Alternatively, the micropylar cell of the 2-celled endosperm may divide longitudinally to give two cells (3-celled endosperm), and the third mitotic cycle is signaled by a longitudinal division of the chalazal cell (4-celled endosperm). Subsequently, the micropylar cells each divide transversely into two intermediate or central cells (6-celled endosperm). Thereafter, early endosperm development proceeds conventionally by waves of synchronized divisions of the central cells only, giving two longitudinal rows of endosperm cells (Fig. 3b) . 0 ,6-diamidino-2-phenylindole (c, e, g, h). a antipodals, cc central cell, e egg cell, ecn egg cell nucleus, hy hypostase, pn polar nuclei, ps penetrated synergid, scn sperm cell nucleus, sn secondary nucleus, us unpenetrated synergid, pt pollen tube, z zygote The zygote nucleus remained unmodified (in the interphase of the cell cycle) at the chalazal end of the cell and showed a conspicuous nucleolus up to the most advanced stage of ovule development observed, but the cell started to elongate (Fig. 3b) . Measurements of zygote nuclei in the ovules of selfed pistils on the second and third days after pollination resulted in 14.41 ± 1.78 and 14.78 ± 1.92 RFU (mean ± standard deviation, n = 19 and 16), respectively (Fig. 5b, c) , which also approach 2C DNA content. Student's t-test did not indicate a significant difference of RFU in zygote nuclei between pistils of the first, second, and third days after pollination. However, one of the zygote nuclei on the second day yielded 18.05 RFU, and three nuclei on the third day yielded values of 17.50, 18.04, and 18.75 RFU (Fig. 6a-c) , which correspond approximately to 2.5-2.7 units of DNA. These higher values caused an asymmetry in the data dispersion around the mean on the third day after pollination (Fig. 7) and seem to indicate that at least in some ovules of selfed pistils the zygote may have progressed from the G 1 to the S phase of the cell cycle on the second and third days after pollination. 
Discussion
The results demonstrate that except for the secondary nucleus, all nuclei of the female gametophyte (including the egg cell nucleus) remain in a haploid 1C level of DNA unless pollen tube penetration and male gamete delivery into the embryo sac occur. Even on the last day of anthesis, the egg cell in ovules of unpollinated flowers showed no variation from this 1C DNA content. Measurements of sperm cell nuclei delivered into the embryo sac by the pollen tube also yielded a 1C level of DNA, whereas egg apparatus cells histologically recognized as zygotes in most ovules of self-pollinated pistils presented a diploid 2C level of DNA, indicating that syngamy occurred in these ovules. As expected, the central cell presented 1 or 2C chromosome levels in polar nuclei and the secondary nucleus, respectively, and a 3C level after the fusion with another sperm cell nucleus in selfed ovules. These results unequivocally indicate that double fertilization occurs in selfed ovules of H. impetiginosus.
The results also show that G 1 karyogamy appears to occur in H. impetiginosus. Although differences in RFU measurements between zygote nuclei from pistils of 1-3 days after pollination were not significant, a tendency for an excess of DNA (relative to the 2C level) in third-day selfed zygote nuclei was indicated by its asymmetric data dispersion due to a few measurements approaching the 2.7 level of DNA. Therefore, selfed ovules presented zygotes with DNA levels apparently higher than 2C on only the second and third days after pollination, indicating that the S Fig. 6 Relative DNA fluorescence of putative egg cells and zygotes as estimated by the presence or absence (in the egg apparatus) of a dark staining penetrated synergid showing a cytoplasmic loop at its chalazal end. On the first (a), second (b), and third (c) days after selfpollination. Seven and 14 RFU approach 1 and 2C DNA content, respectively Fig. 7 Relative DNA fluorescence of zygotes on the first, second, and third days after self-pollination. Boxes represent the lower quartile, median, and upper quartile. Circled times symbols indicate means. Error bars represent the variation between minimum and maximum values. Student's t-tests did not indicate significant differences between the first and third days phase of the cell cycle initiates after the gamete fusion. Despite the paucity of studies dealing with the type of karyogamy in plants, G 1 gamete fusion is probably the most common (Gerassimova-Navashina 1960; Raghavan 2003) and has been correlated with most bicellular pollenproducing angiosperms (Friedman 1999; Tian et al. 2005) , which is a condition found in the majority of the Bignoniaceae (Davis 1966; Johri et al. 1992b; Konyar 2014) .
The features used in our previous studies on post-pollination events in self-sterile species of the Bignoniaceae to recognize an ovule as fertilized-i.e., the presence of a toluidine blue dark-staining penetrated synergid showing a cytoplasmic loop, and regeneration of the cell wall around the chalazal end of the egg cell/zygote (Bittencourt et al. 2011 (Bittencourt et al. , 2003 Bittencourt and Semir 2005; Gandolphi and Bittencourt 2010 )-were also verified in the present study, where DAPI identification of nuclear DNA content provided conclusive evidence of syngamy. In effect, the assumption that the cytological features seen in previous studies were truly indicative of the occurrence of fertilization was correct. Furthermore, all the functional ovules in the study of Bittencourt and Semir (2005) showed the same indirect fertilization-signaling features up to 120 h after self-pollination, meaning that most (if not all) selfed ovules in H. impetiginosus were fertilized. Therefore, rejection of self-pollinated pistils in H. impetiginosus is clearly post-zygotic.
As in other populations of this species (Bittencourt and Semir 2005; Bullock 1985; Milet-Pinheiro et al. 2009; Schlindwein et al. 2014; Stevens 1994) , only cross-pollinations resulted in fruit set (in the present study there was no fruit set from 100 self-pollinated flowers in four trees), which indicates strong self-sterility and confirms that H. impetiginosus is a xenogamous species. The longevity of selfed pistils was longer than in unpollinated pistils, and the greater size of selfed ovaries at abscission clearly shows that some ovary expansion seems to be induced by self-pollination, although the signal to suppress pistil abscission that occurs in crossed pistils, and which must occur during a short period after anthesis, is obviously lacking in selfed pistils.
The extended longevity of selfed pistils (i.e., the delay observed in their abscission) may arise from some kind of self-pollen tube/pistil interaction. This delay in selfed pistil abscission has been also observed in other LSI species (Bittencourt et al. 2011; Gandolphi and Bittencourt 2010; Gibbs et al. 2004) . It is presumed to result from some form of interaction or ''cross talk'' (between pollen tubes growing in the transmitting tract and the ovules in the ovary) that may operate in the mode of action of a SI system. Despite the delay, selfed pistil longevity corresponds to less than 7% of the time a fruit needs to complete its development compared to the time spent by fruits derived from cross-pollination (none of the selfed pistils in this study persisted on the trees for more than nine days after anthesis initiation). This may also indicate an underlying SI system associated with the self-sterility of H. impetiginosus because selfed pistil abortion in a continuum of developmental stages should be expected in an EID context (Hao et al. 2012; Sage et al. 1994; Seavey and Bawa 1986; Valtueña et al. 2010) , despite the possibility of an increasing shortage of this continuum due to selection of early-acting recessive lethals in selfed ovules to minimize maternal investment in doomed embryos/seeds (Burbidge and James 1991) .
LSI, as manifested in Bignoniaceae and many other taxa, differs from mechanisms observed in species that show conventional sporophytic (homomorphic and heteromorphic) and gametophytic SI in having a post-zygotic rather than pre-zygotic rejection. Despite this difference, a number of studies have sought to determine whether LSI has a similar genetic (major gene) control to those found in homomorphic SI. Nonetheless, this genetic control was determined in very few LSI species (Cope 1962; LaDoux and Friar 2006; Lipow and Wyatt 2000) . Because the LSI mechanism is not yet fully understood, some researchers prefer to use other designations, such as pistillate sorting (Bertin et al. 1989) or ovarian sterility (Sage et al. 1994) , implicating no presumptions about the control mechanisms (i.e., maternal, paternal, zygotic, or some combination of these).
As mentioned, because there is a tendency for inbreeding depression (fitness loss) to be particularly intense between fertilization and the mature seed phase (Husband and Schemske 1996; Meinke 1991; Seavey and Carter 1994) , EID can be an alternative explanation to the selfsterility syndrome associated with LSI. However, as in our previous study in H. impetiginosus (Bittencourt and Semir 2005) , no sign of endosperm malfunctioning (that would trigger pistil rejection) was observed in the very narrow window of time between the effective endospermogenesis initiation (almost a half of the ovules have not reached the two-celled phase of the endosperm development up to the fourth day after self-pollination) and complete abscission of selfed pistils (up to nine days). Moreover, as observed in the present study, the initial steps of endosperm development in the Bignoniaceae occur before the first division in the zygote (Bittencourt et al. 2003 (Bittencourt et al. , 2011 Bittencourt and Morais 2010; Bittencourt and Semir 2005; Costa et al. 2004; Gandolphi and Bittencourt 2010; Gibbs and Bianchi 1999; Govindu 1950; Sampaio et al. 2013; Shivaramiah 1998) . As in many sympetalous families like Schrophulariaceae, Acanthaceae, Gesneriaceae, and several others (Johri et al. 1992a, b) , the zygote in species of the Bignoniaceae assumes a tube-like structure and elongates considerably toward the chalazal pole of a biseriate Plant Reprod (2017) 30:69-79 77 expanding endosperm before the first cytokinesis. This initial elongation of the zygote may be accompanied by nuclear division to form a binucleate proembryonal tube (Bittencourt et al. 2003; Bittencourt and Semir 2005; Gandolphi and Bittencourt 2010) , but cell division (cytokinesis) to produce the two-celled proembryo (exclusively derived from the chalazal nucleus of the proembryonal tube) occurs only after the chalazal portion of the endosperm has become multilayered (five days after cross-pollination in Tabebuia roseoalba; Gandolphi and Bittencourt 2010) . In H. impetiginosus, a two-nucleate proembryonal tube was observed in ovules of selfed pistils on the sixth or seventh day after pollination (Bittencourt and Semir 2005) . As in other self-sterile species of Bignoniaceae, a two-celled proembryo was never observed in ovules of selfed pistils because they abscise before reaching this stage (Bittencourt et al. 2003; Bittencourt and Semir 2005; Gandolphi and Bittencourt 2010) . Therefore, post-zygotic development of the new diploid sporophytic generation resulting from syngamy in ovules of selfed pistils in self-sterile Bignoniaceae seems to be restricted to zygote elongation and the following formation of a twonucleate proembryonal tube. Finally, embryogenesis apparently does not occur in purely self-pollinated pistils of self-sterile species of Bignoniaceae, which strongly undermines the possible involvement of early-acting recessive alleles as a cause of its self pistil abscission.
